The major structural glycoprotein E2 of classical swine fever virus (CSFV) is responsible for eliciting neutralizing antibodies and conferring protective immunity. The current structural model of this protein predicts its surface-exposed region at the N terminus with a short stretch of the C-terminal residues spanning the membrane envelope. In this study, the N-terminal region of 221 amino acids (aa) covering aa 690 to 910 of the CSFV strain Alfort/187 E2, expressed as a fusion product in Escherichia coli, was shown to contain the epitope recognized by a monoclonal antibody (WH303) with affinity for various CSFV strains but not for the other members of the Pestivirus genus, bovine viral diarrhea virus (BVDV) and border disease virus (BDV). This region also contains the sites recognized by polyclonal immunoglobulin G (IgG) antibodies of a pig hyperimmune serum. Serial deletions of this region precisely defined the epitope recognized by WH303 to be TAVSPTTLR (aa 829 to 837) of E2. Comparison of the sequences around the WH303-binding site among the E2 proteins of pestiviruses indicated that the sequence TAVSPTTLR is strongly conserved in CSFV strains but highly divergent among BVDV and BDV strains. These results provided a structural basis for the reactivity patterns of WH303 and also useful information for the design of a peptide containing this epitope for potential use in the detection and identification of CSFV. By deletion analysis, an antigenic domain capable of reacting with pig polyclonal IgG was found 17 aa from the WH303 epitope within the N-terminal 123 residues (aa 690 to 812). Small N-or C-terminal deletions introduced into the domain disrupt its reactivity with pig polyclonal IgG, suggesting that this is the minimal antigenic domain required for binding to pig antibodies. This domain could have eliminated or reduced the cross-reactivity with other pestiviruses and may thus have an application for the serological detection of CSFV infection; evaluation of this is now possible, since the domain has been expressed in E. coli in large amounts and purified to homogeneity by chromatographic methods.
rns
, E1, and E2) and several nonstructural proteins by virus-encoded and cellular proteases. E2 is the major envelope glycoprotein exposed on the outer surface of the virion and represents an important target for induction of the immune response during infection. This protein can induce neutralizing antibodies (28, 36) and confers protective immunity in pigs (12, 15, 32) . E2 and E rns are believed to be involved in the attachment of the virus and its entry into susceptible cells (13) .
The antigenic properties of E2 were characterized by using a number of monoclonal antibodies (MAbs) in previous studies. The protein contains four antigenic domains, A to D (33) (34) (35) 38) , which are located within the N-terminal half of the protein. A linear epitope that is highly conserved among pestiviruses was mapped to high resolution at the C-terminal region of CSFV E2 (40) . Edwards and Sands (10) reported six MAbs, including WH303, that reacted with all 56 strains of CSFV and none of the strains of the other members of the Pestivirus genus, bovine viral diarrhea virus (BVDV) and border disease virus (BDV). Presumably, WH303 recognized a strongly conserved epitope among CSFV strains; this epitope would be highly divergent among BVDV and BDV strains. The structural basis for the WH303 reactivity has not yet been elucidated. This consideration has prompted us to define the epitope recognized by WH303 by analysis of targeted deletions of the CSFV Alfort/187 E2 protein as reported in this paper. Knowledge of the WH303 epitope will aid in synthesizing a peptide spanning the epitope, which may be useful for the detection of CSFV antigen and identification of the virus.
CSFV is structurally and antigenically related to the other two members of the Pestivirus genus, BVDV and BDV. Antibodies induced by infection of animals with one group of viruses often cross-react with the other members of the genus (21) . This could be a problem for the serological diagnosis of CSFV, BVDV, or BDV infection. It is hypothesized that the minimal antigenic region or domain of CSFV E2 essential for reactivity to polyclonal antibodies from a CFSV-infected animal may eliminate or significantly reduce cross-reactions and may thus become a more specific diagnostic reagent. The minimal antigenic domain of CSFV E2 may be of sufficiently small molecular size to be potentially useful as a tracer antigen in a homogenous assay for the detection of anti-CSFV antibodies based on the principle of fluorescence polarization as demon-strated in other infectious diseases (3, 18, 19, 23, 24) . Thus, this study is also intended to define such a minimal antigenic domain of CSFV E2 as a part of investigations aimed at improving the serological diagnosis of CSFV infection.
MATERIALS AND METHODS

Materials.
Escherichia coli strain BL21(DE3)/pLysS and pET30 vectors were purchased from Novagen (Madison, Wis.). E. coli strain DH5␣, pProEx HT vectors, and Taq DNA polymerase were from Life Technologies (Burlington, Ontario, Canada). pCR3 vector was obtained from Invitrogen (Carlsbad, Calif.). E. coli strain M15[pREP4], pQE30 vectors, anti-histidine tag MAb, and Ninitrilotriacetic acid (NTA) agarose were from QIAGEN (Santa Clarita, Calif.). Deep Vent DNA polymerase and other molecular biology reagents were purchased from New England Biolabs (Mississauga, Ontario, Canada). The Wizard PCR Preps DNA purification system was obtained from Promega (Madison, Wis.). MAb WH303, raised against CSFV strain UK/86/2 (10, 26) and with affinity for the E2 protein, was generated in the ascitic fluid of BALB/c mice. All other chemicals were of commercially available analytical grade.
RNA extractions. RNA was isolated from CSFV strain Alfort/187-infected PK15 cells using the procedure described by Gough (9) with minor modifications. Briefly, an infected cell monolayer (one 75-cm 2 flask) was washed twice with phosphate-buffered saline (PBS), treated with trypsin, and then washed three more times with PBS. Cells were pelleted in a 1.5-ml microcentrifuge tube and resuspended in 10 mM Tris-HCl (pH 7.5), 0.15 M NaCl, 1.5 mM MgCl 2 , and 0.65% NP-40 (200 l). After vigorous vortexing, the cell lysate (supernatant) was collected by centrifugation and mixed with 10 mM Tris-HCl (pH 7.5), 7 M urea, 1% sodium dodecyl sulfate (SDS), 0.35 M NaCl, and 10 mM EDTA (200 l) plus 400 l of phenol-chloroform-isoamyl alcohol (50:50:1, vol/vol). After centrifugation, the aqueous phase containing the RNA material was collected, and the RNA was precipitated with absolute ethanol (1 ml). The RNA pellet was washed with 70% ethanol followed by absolute ethanol, dried under vacuum, and then resuspended in diethylpyrocarbonate-treated deionized water (100 l).
Cloning of a CSFV E2 gene fragment. All DNA manipulations were performed essentially according to established procedures (29) . The cloning scheme is illustrated (see Fig. 1A ). A cDNA coding for the N-terminal portion (aa 690 to 910) of the CSFV Alfort/187 E2 was synthesized from the virus RNA by the reverse transcriptase PCR procedure described previously (11), using primers PA and PB (Table 1) . Amplification by PCR was carried out with a GeneAmp PCR system 9700 thermocycler (Perkin-Elmer, Foster City, Calif.). The PCR product of 674 bp was purified using a Wizard PCR Preps DNA purification system (Promega) and ligated into a pCR3 vector followed by transformation into E. coli DH5␣. Recombinant plasmids thus constructed were designated pCRE2AB. A 674-bp BamHI-HindIII fragment from pCRE2AB was subcloned into the BamHI and HindIII sites of the pQE30 vector (QIAGEN) to create pQEE2AB. This construct was analyzed with restriction enzymes and sequenced using an ABI model 373 automatic sequencer with an ABI PRISM Dye Terminator Cycle Sequencing Ready Reaction kit (Perkin-Elmer) to ensure that the sequence of E2 gene fragments was correct and in frame at the fusion point. In order to select a vector system suitable for expression of the CSFV E2 gene fragments for epitope mapping, two additional constructs, pHTE2AB and pETE2AB, were made by inserting a 674-bp BamHI-HindIII fragment from pQEE2AB into the BamHI and HindIII sites of pProEx HT and pET30, respectively. For protein expression, pQEE2AB, pHTE2AB, and pETE2AB were transformed into E. coli hosts M15[pREP4], DH5␣, and BL21(DE3)/pLysS, respectively.
Deletion constructs. DNA fragments coding for a targeted region of the CSFV E2 were derived by PCR from pETE2AB with a thermostable DNA polymerase mixture of Taq and Deep Vent as described previously (17) by using a pair of oligonucleotide primers listed in Table 1 . EcoRI or SalI restriction sites are incorporated at 5' ends of the primers. The PCR products were inserted as EcoRI-SalI fragments into the EcoRI and SalI sites of pET30 to produce a series of deletion constructs: pETE2-7/6, pETE2-5/6, pETE2-7/8, pETE2-15/14, pETE2-3/49, pETE2-44/6, pETE2-45/6, pETE2-46/6, pETE2-47/6, pETE2-33/6, pETE2-3/4, pETE2-3/48, pETE2-9/8, pETE2-9/4, pETE2-9/11, and pETE2-10/ 11. The primer pairs used for PCR amplification are indicated in respective constructs. pETE2SH was constructed by subcloning a 428-bp SacI-HindIII fragment from pETE2AB into the SacI and HindIII sites of pET30, and pETE2BS was obtained by inserting a 252-bp BamHI-SacI fragment from pETE2AB into the BamHI and SacI sites of pET30. All constructs were sequenced as above to ensure that the E2 gene segments were in frame at the fusion point. The constructs express an additional 50-aa fusion at the N terminus, including a six-histidine tag and an additional 37-aa fusion at the C terminus, with the exception that the recombinant product expressed from pETE2BS contains an additional 20-aa fusion at the C terminus.
Expression of the E2 gene segments in E. coli. BL21(DE3)/pLysS cells harboring an E2 deletion construct derived from pETE2AB were cultured at 37°C in 10 to 20 ml of Luria-Bertani broth supplemented with kanamycin (30 g/ml). Following growth to an A 590 of between 0.5 and 1.0, the culture was induced by addition of 1 mM isopropyl-␤-D-thiogalactopyranoside (IPTG) to express the recombinant fusion protein for 3 h. Whole-cell proteins from induced cells were analyzed by Western blotting for reactivity to WH303 or pig polyclonal IgG antibodies. For purification of the minimal antigenic domain of E2 expressed from pETE2-9/11, a culture of 2 liters was grown. After induction with IPTG for 3 h, cells were harvested by centrifugation at 10,000 ϫ g for 20 min. The cell pellets were stored frozen (Ϫ80°C) until use.
SDS-PAGE and Western blotting. SDS-polyacrylamide gel electrophoresis (SDS-PAGE) was carried out by the method described by Laemmli (16) , with 4% stacking gels and 12% resolving gels and a Bio-Rad minigel apparatus. The separated proteins were either stained with Coomassie blue or analyzed by use of Western blots (19) probed with MAb WH303 or IgG antibodies (hyperimmune serum) from an experimentally CSFV-infected pig (4) . Bound antibodies were detected by using horseradish peroxidase (HRP)-conjugated goat antimouse (Jackson ImmunoResearch Laboratories, Inc., West Grove, Pa.) or rabbit anti-swine IgG (ICN Pharmaceuticals Inc., Aurora, Ohio) with a 4-chloro-1-naphthol-H 2 O 2 substrate kit (Bio-Rad, Mississauga, Ontario, Canada) according to the manufacturer's instructions. Research Center (Sainte-Foy, Quebec, Canada). Reactions of these synthetic peptides with WH303 were assessed by enzyme-linked immunosorbent assay (ELISA) and dot blots. The ELISA was carried out as described below. The wells of a microtiter plate were coated with purified recombinant E2AB (1 g/ml in 60 mM carbonate buffer [pH 9.6], 100 l/well), incubated overnight at room temperature, and frozen at Ϫ20°C. After washing with PBS-T (0.05% Tween 20 in PBS [pH 7.2]), various dilutions of a synthetic peptide in PBS-T (50 l/well) were added to the plate followed by the addition of WH303 (50 l/well, in PBS-T) previously titrated to give an A 414 of between 0.8 and 1.2 in an ELISA. Control wells of buffer and MAb were also prepared. The plate was placed at room temperature for 1 h and washed with PBS-T, followed by incubation with horseradish peroxidase-conjugated goat anti-mouse IgG (1:8,000 dilution in PBS-T, 100 l/well) for 1 h at room temperature. After a final washing with PBS-T, 100 l of a substrate solution containing 2,2Ј-azinobis(3-ethylbenzthiazolinesulfonic acid) (1 mM) and H 2 O 2 (0.015%) in 50 mM sodium citrate buffer (pH 4.5) was added to each well. Following incubation with moderate shaking for 10 min at room temperature, absorbances were determined at 414 nm on a Labsystems Multiskan Bichromatic plate photometer. Dot blotting was performed by spotting a peptide solution onto a nitrocellulose membrane pretreated with 4% (wt/vol) ovalbumin in PBS for 1 min and than 2.5% glutaraldehyde for 10 min. Blots were probed with WH303 followed by immunostaining as described above. , and loaded at 1 ml/min onto a column of Q-Sepharose (1.5 by 11.5 cm) that had been preequilibrated with buffer D. After washing with 50 ml of buffer D, proteins were eluted with a 10 to 500 mM NaCl linear gradient in buffer D (100 ml). Fractions of 2 ml were collected, their A 280 s were determined, and they were then analyzed by SDS-PAGE. The fractions containing the desired protein were pooled and stored at Ϫ20°C. Protein concentration was determined by the method described by Bradford (2), using bovine serum albumin as the standard.
RESULTS AND DISCUSSION
This study was undertaken to define the epitope of WH303 and the minimal region (or domain) of CSFV Alfort/187 E2 required for binding IgG antibodies from an experimentally CSFV-infected pig. This can be achieved by expressing various truncated forms of the protein in E. coli and testing the reactivity of recombinant products with specific antibodies. A structural model for the CSFV E2, based upon the antigenic study with a panel of MAbs (35) , predicted that the N-terminal part of E2 was surface exposed with a membrane-spanning region composed of a short stretch of C-terminal residues. Accordingly, the exposed region (aa 690 to 910) of E2, designated E2AB, was expressed and targeted for a series of deletion experiments to determine the binding site(s) recognized by WH303 or pig polyclonal IgG antibodies. It was recognized that a recombinant protein could be expressed at various levels from different vectors (8) . Three constructs (pQEE2AB, pHTE2AB, and pETE2AB) were generated to test expression of E2AB by using three different vector systems enabling IPTG-induced expression of the inserted gene fragment from T5, trc, and T7 promoters, respectively (Fig. 1A) . All the constructs were designed to express a six-histidine fusion to the N terminus of E2AB. Expression of pQEE2AB in strain M15[pRep4], pHTE2AB in DH5␣, and pETE2AB in BL21 (DE3)/pLysS was analyzed by SDS-PAGE and Western blotting with MAb WH303 or the hyperimmune serum of an experimentally CSFV-infected pig. pQEE2AB did not appear to yield a measurable level of the recombinant product, as revealed by SDS-PAGE and Western blotting probed with WH303 (data not shown). Although expression of the E2AB fusion protein from pHTE2AB was not evident on SDS-PAGE, the fusion protein was clearly detected by both WH303 and pig IgG antibodies (data not shown), indicating a low level of expression. Expression with pETE2AB in E. coli was prominent after induction with IPTG, as shown by SDS-PAGE analysis of the recombinant product in a 3-h time course experiment (Fig.  1B) . Upon induction, a protein band of approximately 34.5 kDa appeared; this was close to the predicted size of the E2AB fusion protein (34.812 kDa). This protein was detected on Western blots probed with anti-histidine tag MAb (data not shown), IgG antibodies in a pig hyperimmue serum, and WH303. The noninduced cells containing pETE2AB (Fig. 1B) and the noninduced or induced cells harboring pET30 (not shown) displayed no protein band in this region. These results exhibited a significant expression of the fusion protein from pETE2AB and indicated that the antigenicity of the expressed protein appears to be independent of postranslational modifications, such as glycosylation. Thus, the pET30 system was used to produce targeted deletions of CSFV Alfort/187 E2 throughout this study.
Deletion analysis was first performed to define the epitope recognized by WH303, which was shown to react with all 56 strains of CSFV and none of the BVDV and BDV strains tested in a previous study by Edwards and Sands (10) . The finding that WH303 was capable of recognizing the E2AB polypeptide on Western blots (Fig. 1B) indicated that its epitope was located within this region. The fusion polypeptides expressed from a number of deletion constructs (Fig. 2) were analyzed by Western blotting to map this epitope. Deletions of 79 and 114 aa from the N terminus of E2AB, as demonstrated by the constructs pETE2SH and pETE2-7/6, did not affect the binding of polypeptides to WH303. However, the polypeptide expressed from pETE2-5/6, which gave a deletion of 150 aa from the N terminus of E2AB, completely abolished its reactivity with WH303. These results indicated that at least a part of the epitope was located within 36 aa (between aa 804 and 839). Three constructs (pETE2-7/8, pETE2-15/4, and pETE2-3/49) with deletions at both termini of E2AB were generated to express the polypeptides that contain a common 19-mer peptide (GWTGVIECTAVSPTTLRTEVV) between aa 821 and 839. All these products reacted with WH303, indicating that this 19-mer peptide contains the epitope recognized by WH303. In order to further map the WH303-defined epitope, five constructs with serial deletions of 2 or 3 aa from the N terminus of the 19-mer peptide (pETE2-44/6, pETE2-45/6, pETE2-46/6, pETE2-47/6, and pETE2-33/6) were made and tested for the binding of polypeptides to WH303 (Fig. 3) . All the recombinant products except the one expressed from pETE2-33/6 reacted with WH303, suggesting that the 3-mer peptide TAV between aa 829 and 831 contained a residue(s) critical for binding WH303. Similarly, two constructs (pETE2-3/4 and pETE2-3/48) with serial deletions of 2 aa from the C terminus of the 19-mer peptide were generated; both polypeptides were capable of binding WH303. These deletion experiments have mapped the epitope recognized by WH303 to a 9-mer peptide TAVSPTTLR between aa 829 and 837, which contains no predicted N-linked glycosylation sequence. To further confirm this, a synthetic peptide (pep 415) containing the 9-mer peptide sequence was evaluated for its ability to inhibit WH303 binding to the recombinant E2AB in a competitive (27) (GenBank accession number X87939). The restriction endonuclease sites used to clone the cDNA fragment were depicted as follows: B, BamHI; and H, HindIII. Three expression constructs (pQEE2AB, pHTE2AB, and pETE2AB) were created and tested for their ability to express E2AB from T5, trc, and T7 promoters, respectively. E2AB (ٗ) was well expressed only from pETE2AB, yielding the recombinant product with N-terminal (Ⅵ) and C-terminal (3) ELISA and for its ability to bind WH303 in a dot blot. As shown in Fig. 4 , pep 415 was capable of inhibiting WH303 from binding to E2AB in a concentration-dependent manner. Consistent with the ELISA result was the observation that pep 415 immobilized on a nitrocellulose membrane was detected by WH303 in a dot blot (Fig. 4, inset) . In contrast, a nonspecific peptide denoted pep 191 had no inhibitory effect on binding of WH303 to E2AB in the ELISA and showed no reaction with WH303 in dot blotting, indicating that the reaction of pep 415 with WH303 was specific. All these experiments support the conclusion that the epitope recognized by WH303 was a 9-mer peptide TAVSPTTLR between aa 829 and 837. Previously, Yu et al. (40) mapped a linear epitope to a few residues in the C-terminal membrane-spanning region of the CSFV strain Brescia E2, which is highly conserved among different pestiviruses. The present study has defined a different epitope at a high resolution on the CSFV Alfort/187 E2 protein. Comparison of the sequences around the TAVSPTTLR region among the E2 proteins from different strains of pestiviruses indicated that the sequence TAVSPTTLR is strongly conserved among the strains of CSFV and is highly variable among strains of BVDV and BDV (Fig. 5 ). This provides a structural basis for the finding of Edwards and Sands (10) that WH303 reacted with all 56 strains of CSFV but reacted with none of the BVDV and BDV strains tested. The practical implication of these results is that a synthetic peptide containing the WH303-defined epitope may be useful for detection of the E2 protein in a competitive binding assay for the diagnosis of viral infection and for the identification of CSFV strains. The peptide TAVSPTTLR, in combination with MAb WH303, might be a generally useful fusion tag system for immunoaffinity purification of recombinant proteins. The interaction of pep 415 in both liquid and solid phases with WH303 (Fig. 4) further supports the feasibility of these practical uses.
A total of eight constructs of targeted deletions of CSFV Alfort/187 E2 were generated to define the minimal domain essential for binding polyclonal IgG antibodies from an experimentally CSFV-infected pig (Fig. 6) . The E2SH fusion protein (aa 769 to 910), representing a deletion of 79 aa from the N terminus of E2AB, showed a weak reaction with pig IgG an- tibodies. A deletion of 115 aa from the N terminus of E2AB, as shown by the product expressed from pETE2-7/6, eliminated the reactivity with pig IgG antibodies. These results suggested that at least partial IgG-binding sites were confined to the N-terminal region within about 100 aa residues. In order to confirm this, C-terminal deletions of E2AB were accomplished by making three constructs (pETE2-9/8, pETE2-9/4, and pE2-9/11), which deleted 37, 71, and 98 aa from the C terminus, respectively. All three fusion protein fragments were capable of reacting with pig IgG antibodies. A further deletion of 140 aa from the C terminus of E2AB, as demonstrated by the fusion product expressed from pETE2BS, destroyed the binding of the protein segment to pig IgG antibodies. These results support the above conclusion that the pig IgG-binding sites are confined to the N-terminal region within about 100 aa. They also implied that the sequence between aa 771 and 812 could contain the IgG-binding sites or elements critical for binding to pig IgG antibodies. To differentiate the two possibilities, a fusion polypeptide spanning aa 730 to 812 expressed from pETE2-10/11, which deleted 98 aa from the C terminus of E2AB and 40 aa from its N terminus, was tested for binding to pig IgG antibodies; no reactivity was observed. It therefore can be concluded that (i) both sequences (aa 771 to 812 and aa 690 to 730) contain elements critical for binding by pig IgG antibodies, (ii) neither sequence alone contains functional pig IgGbinding sites, and (iii) the minimal antigenic domain essential for binding pig IgG antibodies is located within the N-terminal region of 123 residues between aa 690 and 812, 17 aa upstream from the WH303 epitope. These conclusions are consistent with the Western blot result demonstrating no reactivity of the E2-9/11 polypeptide with WH303 (data not shown), unpublished data (A. Clavijo) showing that a number of sera from CSFV-infected animals were incapable of inhibiting WH303 from binding to E2AB in an ELISA, and the structural model for the CSFV E2 proposed by van Rijn et al. (35) . This work is the first to define a minimal antigenic domain required for binding polyclonal antibodies from an infected host. It is also of practical importance in that this minimal antigenic domain may be (i) a potential vaccine and (ii) a more specific diagnostic reagent than the full-length E2 protein because the regions cross-reactive with other pestiviruses may have been removed. Moreover, the smaller size of this domain meets the requirement for development of a particular diagnostic test, such as the fluorescence polarization assay (3, 18, 19, 23, 24) , for the detection of anti-CSFV antibodies. Since the minimal antigenic domain was expressed from pETE2-9/11 in E. coli in large amounts and purified to homogeneity by a combination of affinity and ion-exchange chromatography (Fig. 7) , evaluation of its diagnostic potential is now possible.
In summary, the present study has employed recombinant technology to dissect the major glycoprotein E2 of CSFV strain Alfort/187 in order to map its MAb and polyclonal antibodybinding sites. The epitope recognized by WH303 was successfully defined to be a 9-mer peptide (TAVSPTTLR) between aa 829 and 837. In addition, the minimal domain of E2 required for binding pig polyclonal IgG antibodies was reported for the first time to be located in the N-terminal region of E2 within about 100 aa. Successful definition of the WH303 or pig polyclonal IgG-binding sites of the CSFV Alfort/187 E2 has provided useful information for the future development of diagnostic tests. Since synthesis of a peptide containing the WH303-defined epitope and production and purification of the minimal antigenic domain of CSFV Alfort/187 E2 from E. coli are easily achieved, studies are in progress to evaluate these reagents for their potential use in the diagnosis of CSFV infection.
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